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Edited by Michael SussmanAbstract The plant V-ATPase is a protein complex of 13 diﬀer-
ent VHA-subunits and functions as ATP driven motor that elec-
trogenically translocates H+ into endomembrane compartments.
The central rotor extends into the hexameric head that is ﬁxed
by peripheral stators to an eccentric membrane domain. The
localization and orientation of VHA-subunits of the head and
peripheral stalk region were investigated by in vivo ﬂuorescence
resonance energy transfer (FRET). To this end, VHA-E, VHA-
G, VHA-H of the peripheral stalks as well as subunits VHA-A
and VHA-B were C-terminally fused to cyan (CFP) and yellow
ﬂuorescent protein (YFP). Protoplasts transfected with FRET-
pairs of CFP-donor and YFP-acceptor ﬂuorophores fused to
VHA-subunits were analysed for FRET by laser scanning
microscopy. The result of the C-termini mapping allows to reﬁne
the arrangement and interaction of the subunits within the
V-ATPase complex in vivo. Furthermore, expression of fused
VHA-E and VHA-H stimulated acidiﬁcation of protoplast
vacuoles, while other constructs had no major eﬀect on vacuolar
pH tentatively indicating a regulatory role of these subunits in
plants.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The vacuolar proton-translocating ATPase is an ubiquitous
protein complex of more than 700 kDa present in all eukary-
otes. Electrogenic H+-translocation at the expense of hydroly-
sis energy from ATP generates a proton motive force that
energizes secondary transport across endomembranes of the
secretory system including the plasma membrane in some
organisms and is also involved in vesicular traﬃcking and
membrane fusion [1–3]. Like F-ATP-synthases found in mito-
chondria and chloroplasts, the V-ATPase functions as a rotary
motor transforming chemical energy from ATP-hydrolysis in
one domain of the supercomplex into rotation of a mem-Abbreviations: CFP, cyan ﬂuorescent protein; GFP, green ﬂuorescent
protein; YFP, yellow ﬂuorescent protein; FRET, ﬂuorescence reso-
nance energy transfer; V-ATPase, vacuolar proton translocating
ATPase; 6-CF, 6-carboxyﬂuorescein; 6-CFDA, 6-carboxyﬂuorescein-
diacetate
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doi:10.1016/j.febslet.2005.06.077brane-residing domain that vectorially translocates protons
across membranes from plasmatic to extraplasmatic compart-
ments [4].
In general, the V-ATPase is required for the maintenance of
intracellular pH and ion homeostasis as well as cell growth
[5,6]. In plants, V-ATPase function has been shown to be
important under several stress conditions like salinity,
drought, excess heavy metals, heat and cold [7–9]. In addition
to transcriptional regulation on the level of VHA gene activity,
for example in response to tissue, cell and developmental cues
and hormonal stimuli such as ABA, short term metabolic
activity regulation is based on cellular redox-conditions that
aﬀect thiol/disulﬁde-states in VHA-A and VHA-E, adenylate
concentrations, as well as phosphorylation/dephosphorylation
[10–14].
V-ATPase has a bipartite structure similar to F-ATP-syn-
thases [15]. The membrane integral sector V0 composed of sub-
units VHA-a, c, c 0 (absent from plants), c00, d and e catalyses
the proton transport whereas ATP-binding and -hydrolysis
takes place in the hydrophilic cytoplasmically exposed V1 sec-
tor containing subunits VHA-A to VHA-H. The core complex
of the V1 sector is the catalytically active hexamer built from
alternating subunits VHA-A and VHA-B [16]. The core of
the hydrophobic V0 sector consists of the proteolipid ring of
subunits VHA-c (4–5 copies), subunit VHA-c 0 (usually 1 copy,
but absent from plants) and VHA-c00 (1 copy) as well as the
100 kDa subunit VHA-a [17,18]. Both sectors are connected
by at least two stalk subunits: The central stalk subunits
VHA-D and VHA-F are part of the rotor transforming the
conformational changes due to ATP-hydrolysis of VHA-A
into rotation of the proteolipid ring for proton translocation
[4]. This rotation has been shown recently for the V-ATPase-
related A-type ATPase of Thermophilus thermococcus as well
as for yeast V-ATPase [19–21]. VHA-E, VHA-G, VHA-H
and VHA-a stabilize the complex as peripheral stalk and as
stator suppress the rotation of the head [22]. The complex
stator structure of VATPase represents the main diﬀerence to
the F-ATP-synthases. In F-ATP-synthases one stator stabilizes
the complex [15], whereas 2–3 stators are suggested to exist in
the plant V-ATPase based on electron micrographs [22,23].
The N-terminal cytosolic domain of VHA-a represents one
stator, and possibly subunits E and G the second [24–26].
VHA-E and VHA-G are suggested to have structural relevance
similar to subunit b of the F-ATP-synthase [25] although it
should be noted that the controversial discussion concerning
a possible function in the central rotor is not ﬁnally settled
[26]. Furthermore, VHA-H may form a third peripheral stalk
[22]. Alternatively, VHA-H may be part of either of the twoblished by Elsevier B.V. All rights reserved.
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V-ATPase [27]. ATP-hydrolysis and proton transport cease
e.g. in response to glucose-starvation in yeast [28]. VHA-H
acts as an inhibitor of cytosolic V0-complexes and VHA-C as
an activator of fully assembled complexes [27]. Furthermore,
the ﬁrst crystal structure was obtained from VHA-H [29].
However, the detailed stator structure, subunit arrangement
as well as stoichiometry remain illusive.
In this work, the arrangement of the VHA-subunits of the
peripheral stalks was investigated in vivo by ﬂuorescence reso-
nance energy transfer (FRET). Subunits VHA-E, VHA-G,
VHA-H of the peripheral stalks as well as subunits VHA-A
and VHA-B of the hexameric head were C-terminally fused
with CFP and YFP, respectively. The FRET-eﬃciency was
measured by confocal laser scanning microscopy using tran-
siently transfected A. thalianamesophyll protoplasts to localize
the subunits of the peripheral stalk in the complex relative to
each other and relative to the hexameric head. VHA-G and
VHA-E dimers were identiﬁed in the complex and the C-ter-
mini of VHA-B, VHA-E, VHA-G and VHA-H were located
in close vicinity.2. Materials and methods
2.1. Plant material
A. thaliana (Columbia) was grown in soil-culture in a growth cham-
ber with 12 h light (240 lmol quanta m2 s1, 19 C) and 12 h dark
(18 C) with 60% relative humidity. The plants were fertilized weekly
with Wuxal (Bayer Crop Science). A. thaliana leaves were harvested
at the age of three to four weeks.
2.2. Amino acid alignments of VHA-E and VHA-G
The amino acid sequences of VHA-E and VHA-G from plants, yeast
and mammals were obtained from the NCBI database. The proteins
from A. thaliana (NP_192853.1; NP_194102.1), M. crystallinum
(Q402727; AJ_438591.1), S. cerevisiae (NC_001147.4; U000062.1)
and Bos taurus (NM_174810.2; P79251) were chosen for comparison.
The alignment was constructed with CLUSTAL W.
2.3. Cloning of VHA-subunits fused to CFP or YFP for transient
transfection of protoplasts
The CaMV35S-promoter from the rsGFP-vector [30] was cloned
into pECFP and pEYFP (Clontech) by digestion with BamHI and
HindIII and subsequent ligation. The Nos-terminator was ampliﬁed
by PCR using a forward primer carrying a NotI restriction site and
a reverse primer carrying the endogenous EcoRI restriction site of
the Nos-terminator. After digestion with NotI and EcoRI the
PCR-products were cloned into the 35S-CFP and 35S-YFP vectors,
respectively. The resulting 35S-CFP-NosT and 35S-YFP-NosT vectors
were used for the generation of C-terminal chimeric constructs of
VHA-genes and the genes of the ﬂuorescent proteins under control
of the CaMV35S-promoter. The full length cDNA sequences of
VHA-A, VHA-B, VHA-E, VHA-G and VHA-H from Mesembryan-
themum crystallinum were obtained as described before [9]. The open
reading frame of VHA-H was ampliﬁed without the terminating stop
codon by PCR with forward and reverse primers introducing BamHI
restriction sites at both the 5 0 and the 3 0 end. Following the restriction,
the PCR-product was cloned into 35S-YFP-NosT and checked for cor-
rect orientation by PCR with a forward primer derived from the
promoter and a reverse primer as used for the initial ampliﬁcation.
VHA-Gwas ampliﬁed the same way but using a reverse primer carrying
an AgeI restriction site. The PCR product was restricted with BamHI
and AgeI and cloned into 35S-CFP-NosT and 35S-YFP-NosT, respec-
tively. VHA-A, VHA-B and VHA-E were cloned as described previ-
ously [18,31]. In addition, VHA-E from VHA-E-CFP was restricted
using the BamHI and NcoI restriction site and subcloned into pEYFP
(Clontech). The chimeric construct was subsequently digested and
cloned into 35S-YFP-NosT using BamHI and NotI restriction sites.2.4. Isolation and transfection of mesophyll protoplasts
The isolation and PEG-mediated transfection of A. thaliana protop-
lasts was performed as described by Seidel et al. [31].
2.5. Membrane-isolation of transfected protoplasts
Isolated protoplasts were resuspended in buﬀer 1 (25% sucrose,
2 mM DTT, 5 mM HEPES pH 7.5). The plastids were removed by
centrifugation at 5000 rpm and 4 C. The resulting supernatant was
centrifuged at 21000 · g and 4 C for 30 min. The sediment was resus-
pended in buﬀer 4 (40% glycerol, 3 mM MgSO4, 1 mM DTT, 10 mM
HEPES pH 7.0) and used for Western blot-analysis with an antibody
directed against VHA-E [18]. Membranes from non-transfected
protoplasts were isolated for control.
2.6. Fluorescence microscopy of protoplasts
Images of transfected protoplasts were obtained by ﬂuorescence
microscopy using an Axioskop microscope (Zeiss, Jena) equipped with
a 100 W mercury arc epi-illumination, a CCD-camera (Sony) and a
ﬂuorescein ﬁlter set (Zeiss, Jena). Starting 9 h and ending 17 h after
transfection images were obtained every 30 min to observe changes
in the localization of VHA-E-YFP and of soluble YFP, respectively.
The images were digitally processed using the software Axiovision
(Zeiss, Jena).
2.7. 6-CFDA staining
Vacuoles of protoplasts were stained by adding 3 ll of 5 mM 6-car-
boxyﬂuorescein diacetate (6-CFDA, Sigma–Aldrich) in DMSO to the
plasmid-solution before transfection. Uptake of DNA and 6-CFDA
was mediated by PEG-mediated osmotic shock and did not require
any exposure of the cells to temperatures above 30 C nor strong acidic
conditions [32,31]. Due to non-speciﬁc esterase-activity in the vacuolar
lumen the non-ﬂuorescent 6-CFDA is cleaved to the ﬂuorescent, pH-
dependent dye 6-carboxyﬂuorescein [32].
The 6-CF ﬂuorescence was quantiﬁed by confocal microscopy (Leica
SP2). The dye was excited sequentially using the 458 nm and the
488 nm line of an argon-ion laser. The signal was detected in the range
of 500–530 nm after passing the short pass ﬁlter RSP500 (Leica).
The ratio of the emission-intensities of both excitation wavelengths
depends on the vacuolar pH [32]. The 6-CF ﬂuorescence was moni-
tored in transiently transfected and control protoplasts. For the
non-transfected control the intensity of the laser lines was adjusted
to a ratio of emission intensities at 458 and 488 nm of about 1.0.
Reference measurements were performed to calibrate the observed
emission ratios to speciﬁc pH-values. To this end, 6-CF-ﬂuorescence
was detected in buﬀers with various pH-values from pH 5 to 8 and
the ratios emission488nm/emission458nm were calculated. From the cal-
ibration data, a regression line for calculating the vacuolar pH of the
transfected protoplasts was derived as represented by Eq. (1)
(r2 = 0.957):
pH ¼ 3.449 emission ratioþ 4.7149. ð1Þ
Fluorescence from 10 protoplasts was measured to determine the vac-
uolar pH of each construct and mean average values as well as stan-
dard errors of deviation were calculated.
2.8. Co-localization studies
Co-localization experiments of VHA-E-YFP/VHA-B-CFP, VHA-
G-YFP/VHA-B-CFP, VHA-H-YFP/VHA-B-CFP and VHA-A-YFP/
VHA-c-CFP were performed in A. thaliana mesophyll protoplasts
using a confocal microscope (Leica SP2). CFP and YFP were excited
sequentially by the 458 and 514 nm line of an argon-ion-laser, respec-
tively. CFP was detected in the range of 470–510 nm and YFP in the
range of 530–600 nm. Chlorophyll autoﬂuorescence was detected in
the range of 650–700 nm and excited at 458 nm [33]. For co-localiza-
tion the following settings were chosen: Two signals were considered
co-localized if they were detected in a distance of less than 155.8 nm,
i.e. the maximum lateral resolution at 514 nm excitation. Z-scans
and subsequent projections were performed to avoid artefacts by lens
aberrations like astigmatism [31]. For co-localization a double dichroic
mirror DD458/514 (Leica) and an oil immersion objective with 63-fold
magniﬁcation were used. The scan-speed was 400 Hz, image resolution
1024 · 1024 pixels, the pinhole diameter 60.83 lm representing the ﬁrst
airy disk.
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FRET-experiments were performed by confocal microscopy (Leica
SP2). In protoplasts the FRET signal was detected in the range
between 530 and 600 nm at 458 nm excitation (FRET-channel). The
CFP-crosstalk was determined by detection of emission intensity in
the range of 470–510 nm (CFP-channel). Previous reference measure-
ments of CFP showed a CFP-crosstalk into the FRET-channel of
0.61 of the signal detected between 470 and 510 nm. Direct excitation
of YFP was quantiﬁed by reference measurements of YFP-ﬂuorescence
comparing the emission-intensities at excitation wavelengths of 458
and 514 nm, respectively. As additional control, the YFP-ﬂuorescence
in the range of 530–600 nm was detected following excitation at
514 nm (YFP-channel). For FRET-measurements a double dichroic
mirror DD458/514 (Leica) and an oil immersion objective with 63-fold
magniﬁcation and a numerical aperture NA = 1.4 were used. The scan
speed was 400 Hz, the image resolution 1024 · 1024 pixels, the pinhole
diameter 100 lm. 12 bit scans were performed and the signal ampliﬁ-
cation was adjusted to a FRET-signal of about 4096 relative units,
the maximum emission intensity of 12 bit scans, to achieve a high
resolution of the emission intensity. For each set of transformation,
more than 20 protoplasts were measured twice, and each experiment
was repeated independently.
2.10. FRET quantiﬁcation
For FRET quantiﬁcation, direct excitation intensities of YFP were
subtracted from the signal observed in the FRET-channel. The FRET
eﬃciency was calculated from the emission intensities recorded in the
ranges 470–510 nm (ICFP) and 530–600 nm (IFRET) and normalized
to the sum of the emission intensities in both channels:
E ¼ ðIFRET  0.61  ICFPÞ=ðIFRET þ ICFPÞ. ð2Þ
Measurements with emission intensities below 500 (relative units) in
the CFP-channel were excluded. Mean average and standard deviation
of the FRET-eﬃciency of each set of measurements were calculated.3. Results
3.1. Expression of chimeric constructs in protoplasts
Speciﬁcity of incorporation and subcellular distribution of
additionally expressed VHA-subunits were exemplarily investi-
gated by comparing time-dependent ﬂuorescence of mesophyll
protoplasts transiently transfected with VHA-E-YFP or YFP
(Fig. 1). The series A to D shows representative protoplasts
expressing VHA-E-YFP. After 9 h, expression was observed
in the vicinity of the nucleus and progressed to staining of
tubular (11.5 h) and vesicular structures (12 h) and ﬁnally to
the tonoplast and possibly plasmamembrane localisation
(13.5 h). VHA-E is a soluble subunit. The clear associationFig. 1. Time-dependent localization of VHA-E-YFP in transiently transfect
YFP (E–H) was monitored in the time range 9–17 h after transfection, respec
The states after 9 h (A, E), 11.5 h (B, F), 12 h (C, G) and 13.5 h (D, H) areof ﬂuorescence with the endomembrane system shows that
VHA-E-YFP is incorporated into V-ATPase complexes. The
pattern of time-dependent changes of endomembrane labelling
was reliably observed in many experiments. In a converse man-
ner, YFP ﬂuorescence was not associated with membranes and
revealed a very uniform distribution with some preference for
the nucleus (Fig. 1E–H). Western blot analysis with mem-
branes from a transfected population of protoplasts expressing
VHA-E revealed increased protein amounts of that particular
subunit as compared to the control (not shown).
3.2. Viability and acidiﬁcation of the vacuolar lumen of
transfected protoplasts
Protoplasts were transfected with the chimeric constructs of
the VHA-subunits VHA-A-YFP, VHA-B-CFP, VHA-E-YFP,
VHA-H-YFP and in addition with 35S-YFP-NosT. The ﬁrst
set of experiments investigated the viability of the transfected
protoplasts and their sustained ability to acidify the vacuolar
lumen. The transfection and the labelling with 6-CFDA were
realized via PEG-mediated osmotic shock. 6-CFDA is a mem-
brane-permeable, nonﬂuorescent agent, which is cleaved to
6-carboxy-ﬂuorescein (6-CF) in the plant vacuole by non-spe-
ciﬁc esterase activity. Released 6-CF is a non-membrane-per-
meable ﬂuorescent dye with a pH-dependent ﬂuorescence
ratio of the emission-intensities at 458 and 488 nm excitation
(Fig. 2). The ﬂuorescence emission of 6-CF was recorded by
confocal laser scanning microscopy, using the 458 and
488 nm laser lines. Chloroplasts essentially functioned as
optical black bodies [31] that did not bias the FRET result.
Protoplasts were also transfected with 35S-YFP-NosT as a
control for quantifying the eﬀect of YFP, which adsorbs light
in the range of 458–530 nm, on the 6-CF detection. All trans-
fected cells showed 6-CF ﬂuorescence indicating their viability.
Cells transfected with 35S-YFP-NosT showed a slightly
decreased vacuolar pH of0.114 compared to the control. Cells
expressing VHA-A-YFP showed a decrease in the vacuolar pH
(0.356) whereas those expressing VHA-B-CFP and VHA-G-
YFP showed an increase of 0.213 and 0.140, respectively. Inter-
estingly, cells transfected with constructs for the expression of
VHA-H-YFP (1.487) and VHA-E-YFP (1.36) generated
signiﬁcantly lower vacuolar pH than control protoplasts and
protoplasts transfected with the chimeric VHA-constructs
VHA-A-YFP, VHA-B-CFP and VHA-G-YFP (Fig. 2(b)).ed protoplasts. The expression of VHA-E-YFP (A–D) and of soluble
tively. Images were obtained by ﬂuorescence microscopy every 30 min.
shown.
Fig. 2. Vacuolar pH of transfected A. thaliana mesophyll protoplasts.
Protoplasts were transiently transfected with fusion proteins of VHA
subunits and the ﬂuorescent proteins CFP and YFP, respectively. The
vacuolar lumen was loaded with the pH-sensitive dye 6-CFDA.
Fluorescence from cleaved 6-CF was detected using the excitation
wavelengths 458 and 488 nm. The ratio E488nm/E458 nm indicates the
vacuolar pH. (A) 6-CF ﬂuorescence was calibrated using ﬂuorescence
dye in buﬀer adjusted to varying pH and the ratios were calculated. (B)
The vacuolar pH values of 10 protoplasts each were calculated as
described in Section 2. Data are means ± S.E., n = 10.
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VHA-G
A focus of the work was given to putative elements of the
peripheral stalk particularly to VHA-E and VHA-G (Fig. 3).
VHA-E (75% identity) and VHA-G (60% identity) are highly
conserved among A. thaliana and M. crystallinum. Identities
between species from diﬀerent tribes were in the 30% range.
VHA-E of A. thaliana consists of 230 amino acids. 53 aa were
similar and 52 aa were identical in all four analysed VHA-
sequences. The N-terminus of VHA-E is highly conserved
among the four species (Fig. 2). VHA-G of A. thaliana consists
of 106 aa. In this case 17 aa were similar and 20 aa were
identical in the four sequences although some variability shows
up in the very end of both the carboxy- and the amino-
terminus where extensions occur for example in At-VHA-E2
and Sc-VHA-E suggesting that C-terminal fusions of
ﬂuorescent proteins might be allowable without loss of
function. This conclusion was conﬁrmed with the pH determi-
nation described above.3.4. Subcellular localization of VHA-H, VHA-E and VHA-G in
protoplasts relative to the catalytic head subunit VHA-B
Various pairs of VHA-subunits fused to CFP and YFP,
respectively, were introduced into protoplasts and analysed
for co-localization. Fig. 4 exemplarily shows the result for
VHA-B and VHA-H that showed co-localization. Along a
cross section of 50 lm, 4000 data points on signal intensities
in the CFP and YFP emission channel were recorded
(Fig. 4D) and analysed for co-occurrence. Assuming co-local-
ization if 3 P EYFP/ECFP P 0.33 then both VHA-subunits
co-localized in 62.93% of the investigated areas (Fig. 4E).
Similar results were seen for VHA-B/-E, VHA-B/-G but not
for VHA-A/-c. The least level of correlation was seen for
VHA-E-CFP in concert with non-fused YFP. Obviously
co-localization studies give some indication but no proof of
structural and functional interaction.
3.5. FRET between VHA-subunits
FRET-experiments allow qualitative conclusions on struc-
tural neighbourhood and quantitative estimates of distance
depending on the eﬃciency of resonance energy transfer
between two ﬂuorophores like CFP and YFP. FRET depends
on an overlap of the emission spectra of the donor ﬂuorophore
(CFP) and the excitation spectra of the acceptor ﬂuorophore
(YFP) as well as an appropriate orientation of the ﬂuoro-
phores towards each other in a distance range of 2–10 nm
[34]. In protoplasts co-transfected with non-fused CFP and
YFP a FRET eﬃciency as high as 28.2% was observed and re-
lated to CFP-YFP dimerisation (Fig. 5). Additional control
experiments investigated concentration-eﬀects caused by the
overexpression of genes under control of the 35S-promoter.
The FRET-eﬃciency of the highly eﬃcient FRET pair VHA-
B-CFP and VHA-G-YFP was inversely related to the signal
ampliﬁcation that is taken as a marker for protein-density in
the observed cell volume. An increase of FRET-eﬃciency as
a density eﬀect of high ﬂuorescent protein concentration was
observed using a signal-ampliﬁcation below 600 V (data not
shown) accompanied by a weak emission in the CFP-channel.
So we excluded data with emission intensities below 500 (rela-
tive units) in the CFP-channel to avoid seizing of increased
FRET-eﬃciencies due to a high protein density.
Based on crystallographic studies of the hexameric head of
the F-ATP-synthase [35], which is highly homologous to the
head structure of the V-ATPase [36], the C-termini of VHA-
B and VHA-A were assumed to be located in close proximity
at the membrane-orientated face of the head sector. In vivo
FRET conﬁrmed the assumption with a highly eﬃcient energy
transfer of 53.8% between VHA-A-YFP and VHA-B-CFP
(Fig. 5). Subsequent work focused on the structure of the
peripheral stalks, especially the orientation of VHA-E, VHA-
G and VHA-H relative to each other and relative to the
subunits VHA-A and VHA-B of the catalytic head. The C-ter-
minus of VHA-H was located in close proximity to the C-ter-
minus of VHA-B with a FRET eﬃciency of 58.4% (Fig. 5). For
tracking the proposed subunit orientations, the reader is
referred to Fig. 7 in the discussion section. In a converse
manner a weak transfer eﬀect was observed in the case of the
FRET-pair VHA-A-CFP and VHA-H-YFP (18.3%, Fig. 5).
VHA-H showed no energy transfer if co-transfected with
VHA-G-CFP (7.0%, Fig. 5), but VHA-G was in close proxim-
ity to VHA-B (FRET eﬃciency of 57.4%, Fig. 5). Evidence for
an interaction or close proximity of VHA-H and VHA-E was
Fig. 3. Alignment of amino acid sequences of VHA-E and VHA-G. Amino acid sequences were obtained from the NCBI-database, the sequences
from A. thaliana (A.t.), M. crystallinum (M.c.), S. cerevisiae (S.c.) and B. taurus (B.t.) were compared by CLUSTAL W. Identical amino acids are
highlighted with dark grey and marked with (*), general similarities with light grey and (:) and similarity among only 2 to 3 sequences by (Æ). Amino
acids, which were identical in B. taurus and S. cerevisiae, but not in plants were marked black. A: Alignment of the amino acid sequence of VHA-E.
B: Alignment of the amino acid sequence of VHA-G.
4378 T. Seidel et al. / FEBS Letters 579 (2005) 4374–4382obtained from the FRET eﬃciency of VHA-E-CFP and VHA-
H-YFP (42.9%, Fig. 5). The FRET pairs VHA-G-YFP/VHA-
A-CFP and VHA-G-YFP/VHA-E-CFP gave no ﬂuorescence
emission from CFP although VHA-A-CFP as well as VHA-
E-CFP were detectable if co-transfected with VHA-H-YFP.
The ratio of ﬂuorescence emission in the FRET-channel at
458 and 514 nm excitation resembled the ratio observed in
the corresponding YFP-reference measurements in the absence
of CFP (Fig. 6) indicating the absence of CFP-expression.
Another structural aspect of the peripheral stalks of the
V-ATPase is the stoichiometry of the subunits, especially of
VHA-E and VHA-G. Up to now it is not known if VHA-E
and VHA-G are present as EG-dimer, EG2-trimer or E2G2-tet-
ramer in the complex. In this work FRET as high as 40.1%
(Fig. 5) was detected for the FRET-pair VHA-G-CFP and
VHA-G-YFP suggesting that VHA-G forms a homodimer in
the complex. Similar results were obtained in the case of
co-expression ofVHA-E-CFPandVHA-E-YFP (63.3%;Fig. 5).4. Discussion
This study contributes to our understanding of the structural
arrangement of V-ATPase subunits, particularly of thoseconstituting the peripheral stalk(s), within the holocomplex
by employing the recently developed method of in vivo FRET.
C-terminal fusions between VHA subunits and ﬂuorescent
proteins were constructed. Thus, the results map the position
of the C-termini relative to each other.
The catalytic head of the vacuolar ATPase resembles the
head structure of the mitochondrial and chloroplast F-ATP-
synthase. Sequence and structure comparisons of VHA-A
and subunit b as well as VHA-B and subunit a suggested a
location of the C-termini of both VHA-A and VHA-B in the
‘‘lower’’ part of the hexameric head facing the transmembrane
sector V0 [37] although the location of the C-terminus may
undergo signiﬁcant structural changes during the catalytic
cycle. The FRET approach does not distinguish between these
conformational states but gives averaged distances. A hybrid
complex of subunits a, b and VHA-E showed an ATP hydro-
lysis activity of 56% as compared to the native complex [38].
Based on these data, it was assumed that the C-termini of
VHA-A and VHA-B should be in FRET distance. The pre-
sented data demonstrate FRET between VHA-A-YFP and
VHA-B-CFP proving the parallel orientation of both C-ter-
mini.
VHA-G is a subunit of the peripheral stator. Binding of an
antibody against VHA-G did not aﬀect the activity of the
Fig. 4. Co-localization of VHA-B and H. Protoplasts were co-transfected with VHA-B-CFP and VHA-H-YFP, respectively. CFP- (A) and YFP-
ﬂuorescence (B) were detected sequentially and the images were merged (C). Co-localization is indicated by a yellow signal in the merged images due
to an overlay of the red CFP-signal and the green YFP-signal. (D) Based on the projections through the cell the co-localization was quantiﬁed by
assigning the emission intensities of CFP and YFP, respectively, to distances on an axis across the protoplast. Co-localization of the CFP- and YFP-
signals is characterized by emission-maxima in a distance less than 155 nm. (E) The co-occurrence was analyzed by a 2D-scatterplot. Intensities below
10% of maximum were eliminated. The lines mark the area of intensity ratios deﬁned as co-localization (see text for detail). There was a signiﬁcant
fraction of VHA-H localized to cell areas where almost no VHA-B was detected.
Fig. 5. Calculated FRET-eﬃciencies of VHA-subunits. The FRET eﬀect of the FRET-pairs VHA-A-YFP/VHA-B-CFP (n = 69), VHA-H-YFP/
VHA-A-CFP (n = 33), VHA-H-YFP/VHA-B-CFP (n = 49), VHA-H-YFP/VHA-G-CFP (n = 42), VHA-H-YFP/VHA-E-CFP (n = 88), VHA-E-
CFP/VHA-A-YFP (n = 38), VHA-E-YFP/VHA-B-CFP (n = 112), VHA-E-CFP/VHA-E-YFP (n = 167), VHA-G-CFP/VHA-G-YFP (n = 45),
VHA-G-YFP/VHA-B-CFP (n = 42) and CFP/YFP (n = 54) was measured in more than 40 protoplasts for each FRET pair. The FRET eﬃciency was
calculated for each measurement. The data represent the mean averages ± S.D.
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mer [37], additionally interacting with VHA-E similar to
subunit b in the F-ATP-synthase [25]. The amino acid align-ments (Fig. 2) showed the similarities of the V-ATPase sub-
units VHA-E and VHA-G, respectively, among A. thaliana,
M. crystallinum, S. cerevisiae and B. taurus. With the exception
Fig. 6. Emission of VHA-G-YFP coexpressed with VHA-E-CFP and VHA-A-CFP, respectively. Protoplasts were co-transfected with VHA-G-YFP/
VHA-A-CFP and VHA-G-YFP/VHA-E-CFP. The emission was recorded in the CFP-channel, the FRET-channel and the YFP-channel and
compared to YFP-reference measurements (Fig. 5(b)). The ratio emission458nm/emission514nm was calculated for the co-transfected cells and the
corresponding reference YFP-cells (Fig. 5(a)). The data represent the mean averages ± S.D. of 10 measurements.
Fig. 7. Model of the V-ATPase. The model of Kluge et al. [51] has
been modiﬁed with respect to the interactions of VHA-E and VHA-H
[44], VHA-B and VHA-H [45], VHA-a and VHA-H [24] and results
based on our FRET-measurements. The arrangement of VHA-H is
adopted from [22] and diﬀerent from that one proposed by Wilkens
et al. [52]. White dots indicate the position of the C-termini of the
subunits VHA-A (s), VHA-B (s), VHA-E (}), VHA-G (n) and
VHA-H (h), which were fused to CFP and YFP, respectively.
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no acid residues was revealed throughout the sequences. Our
results show a location of VHA-G near the C-terminus of
VHA-B. In addition, proper folding of CFP seems to be inhib-
ited if VHA-G-YFP is co-expressed with CFP fused to the
C-terminus of either VHA-E or VHA-A, indicating rapid
assembly of these sub-complexes leading to a loss of CFP-ﬂuo-
rescence. Therefore, the C-terminus of VHA-G is localized
near the ‘‘bottom’’ of the catalytic head and VHA-G might
span from top to the bottom of the head structure. VHA-G
stabilizes subunit VHA-E [40] (Fig. 7). The N-terminus of
VHA-E interacts with VHA-B on top of the complex [16].
Binding of the non-hydrolysable ATP-analogue AMP-PNP
at VHA-A induces conformational changes in VHA-E [10],
indicating an interaction of VHA-E and VHA-A, too. Here,
the C-terminus of VHA-E was localized by FRET near the
bottom of the head complex. It is also in close vicinity to the
C-terminus of VHA-G, so we assume VHA-G and VHA-E
to span the complex as a heterodimer. The stoichiometry of
VHA-G and VHA-E is not clear since E2G2 [41], EG [22]
and G2E [42] have been proposed. Here we measured an
energy transfer between VHA-E-CFP and VHA-E-YFP as
well as between VHA-G-CFP and VHA-G-YFP. The data
indicate the presence of a tetramer probably with the stoichi-
ometry of E2G2 in the complex. The transfer eﬃciency suggests
a head-to-head arrangement of VHA-E- and less tight VHA-
G-subunits within the dimer.
The regulatory subunit VHA-H interacts with VHA-B [43] as
well as with the N-terminus of VHA-E [44]. The FRET between
VHA-H and VHA-B located the C-terminus of VHA-H near
the bottom of the head complex, too. This is supported by pre-
vious crosslinking experiments [45]. VHA-H is also located
near the C-terminus of VHA-E. Summarizing the data, VHA-
H is co-localized in the complex with the N- and C-termini of
VHA-E. Coimmunoprecipitation experiments revealed an
interaction of VHA-H with VHA-a [24]. This indicates the
central role of VHA-H in regulation of the V-ATPase and
stabilization of the stator by linking the membrane-anchored
subunit VHA-a and the VHA-E/VHA-G subcomplex. Further-
more, VHA-H-YFP and VHA-E-YFP showed a decreased
vacuolar pH corresponding to a stimulated activity of the
V-ATPase. VHA-E is essential for proton transport and
ATP-hydrolysis [44]. VHA-H has been shown to be importantfor the coupling of ATP-hydrolysis and proton transport [46].
V-ATPase with truncated VHA-E lacking the N-terminus or
C-terminus, respectively, showed a phenotype similar to
V-ATPases lacking VHA-H. In this case the activity of the
V-ATPase decreased [44,48]. The ﬂuorescent protein tags at
VHA-E and VHA-H inﬂuenced the activity of the V-ATPase
in a contrasting manner, probably by altering the coupling of
ATP-hydrolysis and proton transport. Another possibility is
a disturbed interaction of VHA-E with the aldolase of the
glycolysis which has been shown for the yeast V-ATPase [44]
to result in an altered response to the cellular ATP/ADP level.
It might be argued that localization of VHA-fusions in the cyto-
sol is caused by production of excess protein of well soluble
protein. Albeit that cannot be fully excluded, the well-soluble
T. Seidel et al. / FEBS Letters 579 (2005) 4374–4382 4381VHA-E did not accumulate in the cytosol but associated with
endomembranes (Fig. 1) and formed eﬃcient FRET pairs with
VHA-B and VHA-H.
The V-ATPase is regulated by a reversible dissociation of the
complex in response to the glucose availability in yeast [47].
VHA-H acts as a regulator of dissociation [29]. The stimula-
tion of vacuolar acidiﬁcation in protoplasts over-expressing
chimeric VHA-H- and VHA-E-ﬂuorescent proteins indicates
particular roles of VHA-H and VHA-E in addition to their
structural function. The higher abundance of VHA-A com-
pared to the membrane integral subunit VHA-c in the cell
indicates a regulation via reversible dissociation in plants.
Domgall et al. [22] identiﬁed three stators in calculated
images of electron micrographs whereas Li and Zhang [23]
observed two stators. One stator is represented by VHA-a
[24], the second by the tetramer of VHA-E and VHA-G.
VHA-H is co-localized with the N- and C-terminus of VHA-
E in the complex and interacts with VHA-a [24]. Another
study indicates the interaction of VHA-H and VHA-E on
top of the complex [37] where VHA-E interacts with VHA-B
(Fig. 7). These interactions bind the catalytic head to the sec-
ond stator. The ﬁrst stator anchors the head to the membrane
by the interaction of the N-terminus of VHA-a and VHA-A.
The second stator ﬁxes the catalytic head by the interaction
of VHA-B and VHA-E on the top of the complex, but in con-
trast to subunit b of the F-ATP-synthase the EG-subcomplex
has no transmembrane domain to stabilize the head. This is
mediated by VHA-H: VHA-H interacts with VHA-E at the
top of the head built from VHA-B and VHA-E. VHA-H spans
the head and interacts with the N-terminus of VHA-a via its
4aa loop connecting the N- and C-terminal domain of
VHA-H [29,22]. The interaction of VHA-H and VHA-B at
the bottom of the catalytic head ﬁxes the head a third time
and VHA-H might interact with the EG-subcomplex a second
time at the bottom of the head (Fig. 7).
FRET-measurements were quantiﬁed based on the ﬂuores-
cence detection in two channels and simultaneous excitation
of CFP and YFP resembling a previous approach by Gadella
et al. [34]. However, their quantiﬁcation requires a measurable
direct excitation of YFP [34]. Using our experimental setup we
were only able to detect YFP in high eﬃciency FRET experi-
ments by increasing the power of the 514 nm laser line result-
ing in a loss of measurable direct excitation. Additionally we
were looking for a method to quantify FRET in a time-depen-
dent manner to allow monitoring the changes in FRET by
time. In this context, FRET measurements using photo-
bleaching [49] are not suitable, because the ﬂuorophore is
damaged irreversibly. It should be mentioned, that FRET-
measurements in vivo produce approximate results because
no information about the precise ﬂuorophore ratio and orien-
tation is available. These parameters are required for an exact
quantiﬁcation of FRET eﬀects. Based on the molecular struc-
ture of GFP and its variants, the detectable FRET eﬀect
should be max. 80%, because the active, ﬂuorescent group is
buried inside the b-can structure [50]. Therefore no closer
proximity is possible. FRET measurements of protoplasts
expressing CFP and YFP revealed a FRET eﬃciency of
28.2% caused by CFP-YFP dimerisation. This apparent FRET
eﬃciency might be decreased because of a dimerisation of
CFP-CFP and YFP-YFP. Statistic analysis of all results by
t-test identiﬁed no other FRET pair that gave this value of
FRET eﬃciency so we can exclude artiﬁcial eﬀects due to aCFP-YFP dimerisation instead of interaction of VHA-sub-
units.
The FRET experiments identiﬁed the tetramer E2G2 in the
complex and revealed the close proximity of the C-termini of
VHA-B, VHA-E, VHA-G and VHA-H at the bottom of the
hexameric head. Co-localization experiments of VHA-A and
VHA-c indicated the ability of plant V-ATPase to a regulation
by reversible dissociation, the free cytosolic V1-sectors might
be inhibited by the loss of VHA-H as indicated by the co-local-
ization experiment of VHA-B and VHA-H.Acknowledgement: The work was performed within the Sonderfors-
chungsbereich 613, TP A5.References
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